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Escherichia coliThe proton-pumping NADH:ubiquinone oxidoreductase couples the transfer of electrons from NADH to
ubiquinone with the translocation of protons across the membrane. This process is suggested to be
accompanied by conformational changes of the enzyme that may be monitored by redox-induced FT-IR
difference spectroscopy. Signals observed in the amide I range are partially attributed to local
rearrangements that occur as an electrostatic response to the redox reactions of the FeS clusters. In
addition, conformational changes can be reported that depend on pH and at the same time can be perturbed
by site-directed mutagenesis of residue E67 on subunit B (the bacterial homologue of the mitochondrial PSST
subunit). This residue is located in the vicinity of the cluster N2. Re-evaluating these previous data we here
discuss a mechanism, by which the redox reaction of N2 induces conformational changes possibly leading to
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The proton-pumping NADH:ubiquinone oxidoreductase, also
known as respiratory complex I, couples the electron transfer from
NADH to ubiquinone with the translocation of protons across the
membrane [1–7]. By this means, complex I establishes a proton
motive force required for energy consuming processes. Homologues
of the complex are present in archaea, bacteria, and eukaryotes [8].
The bacterial complex I is a structural minimal form of an energy-
converting NADH:ubiquinone oxidoreductase and consists in general
of 14 different subunits [5,8,9]. In Escherichia coli and a few other
bacteria, the genes nuoC and nuoD are fused resulting in a complex
that consists of 13 subunits called NuoA-Nwith a total molecular mass
of 535 kDa [9,10]. Electron microscopy revealed that the complex is
built of a peripheral arm and a membrane arm [11–15]. Seven or six
subunits, respectively, constitute the peripheral arm including those
that bear all known redox groups, namely one ﬂavin mononucleotide
(FMN) and up to 10 iron–sulfur (Fe/S) clusters [4,9] as well as the
NADH binding site. The arrangement of the cofactors is evident fromthe recently described structure of the peripheral arm of the Thermus
thermophilus complex I [16]. The membrane arm consists of seven
most hydrophobic subunits building up 61 transmembrane helices
[4,14]. The arm is expected to be involved in proton translocation as it
represents the only membrane-spanning part of the complex. From
kinetic analyses of mutants resistant to inhibitors of the quinone
binding site it was concluded that the ubiquinone binding site is
located between the peripheral arm and the membrane arm [17–19].
The high resolution structure of the peripheral arm of the complex
revealed that electrons from NADH are transferred via the FMN and a
chain of Fe/S clusters to the most distal cluster N2. This cluster is
located on subunit NuoB and shows the highest midpoint potential of
all Fe/S clusters within complex I [20]. From kinetic data, EPR-
spectroscopy and its location close to the proposed ubiquinone
binding site, it is thought to be the direct reductant of the substrate
ubiquinone. N2 interacts with semiquinone radicals, called QNf and
QNs, which are essential intermediates of the enzyme reac-
tion [6,21,22]. In contrast to most other clusters of the complex,
cluster N2 shows a pH-dependent midpoint potential [20] and has
been proposed to be involved in proton translocation [1–6]. However,
recent studies with the enzyme from Yarrowia lipolytica provided
evidence that this might not be the case [23].
It is proposed that the electron transfer in the peripheral arm
induces long-range conformational changes that drive proton trans-
location in the membrane arm [4,5,7,24–26]. Although it is widely
accepted that the reaction of complex I is associated with conforma-
tional changes [27–29], it is not clear if they play a role in proton
translocation.
Table 1
Properties of complex I from E. coli strains with mutations on subunit NuoB. The d-
NADH/ferricyanide oxidoreductase and d-NADH oxidase activity of the wild type strain
measured in the cytoplasmic membrane were 0.8 and 0.06 μmol min−1 mg−1,
respectively. The NADH:decyl-ubiquinone oxidoreductase activity of the complex
isolated from wild type is 2.4 μmol min−1 mg−1.
Strain d-NADH/
ferricyanide
reductase
activity
d-NADH
oxidase
activity
Normalized
d-NADH
oxidase
activitya
NADH:
decylubiquinone
oxidoreductase
activityb
Content
of Fe/S
cluster
N2
[%] of wild type
C64A 25 0 0 0 0
E67Q 75 0 0 0 30
E67D 90 60 67 75 40
a D-NADH oxidase activity divided by the D-NADH ferricyanide oxidoreductase
activity.
b Activity of the isolated complex after activation with phospholipids.
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difference spectroscopy that the reduction of N2 is coupled with a
deprotonation of glutamate and possibly aspartate residues [27,30]
and with the protonation of tyrosine residues [31]. These amino
acids were identiﬁed by site-directed mutagenesis on subunit NuoB
[30–32]. Using the same technique, we demonstrated that the
electron transfer reaction induced conformational changes within
the complex [26,27]. This was deduced from the shifts in the amide I
region of the FT-IR difference spectra (Fig. 1). This spectral range is
dominated by the ν(C=O) vibrations of the polypeptide backbone,
mostly contributed from protein reorganizations in response to the
redox reaction of the Fe/S clusters.
The NADH dehydrogenase fragment of the complex comprises the
electron input part of complex I consisting of subunits NuoE, F, and G
and containing the FMN as well as ﬁve Fe/S clusters [33,34]. The
difference spectra of the NADH dehydrogenase fragment of the E. coli
complex I also show dominant signals in the amide I region (Fig. 1),
however, these signals are more distinct with complex I than with the
NADH dehydrogenase fragment [27]. The larger amplitude of these
signals in the complex I spectra in direct comparison to the fragment
include conformational changes due to the redox reaction of N2 [27].
In this study we re-investigate the data presented by our groups
[27,30–32] and discuss whether these signals include changes that are
relevant to proton translocation or whether they exclusively derive
from reorganizations due to electron transfer reaction of the Fe/S
clusters as proposed [35–37]. For this purpose, difference spectra
were calculated from the published spectra [27,30–32]. For the
calculation the spectra were normalized on the basis of the IR
absorption in the amide II region.
2. Biochemical characterization of various NuoB variants
E. coli strains with mutations on subunit NuoB harboring the Fe/S
cluster N2 discussed in this study were selected according to the
enzymatic activity of complex I and the content of N2 in the
preparations as determined by EPR-spectroscopy (Table 1). All
mutations had no or only a mild effect on the assembly of the
complex as judged from the distribution of the NADH/ferricyanide
oxidoreductase activity of detergent extracts from the cytoplasmic
membranes after sucrose gradient centrifugation, the d-NADH/
ferricyanide oxidoreductase activity of cytoplasmic membranes, and
the NADH:decyl-ubiquinone oxidoreductase activity of the various
preparations (Table 1).
The proper assembly of the complex from the mutants was
determined by sucrose gradient centrifugation. The proteins of the
mutant cytoplasmic membranes were extracted with 3% (w/v)Fig. 1. Oxidized minus reduced FT-IR difference spectra of the E. coli complex I (a), the
NADH dehydrogenase fragment of the complex (b) and the complex I variant C64A
lacking cluster N2 (c).dodecyl-maltoside and centrifuged for 30 min at 180,000×g. The
solubilized proteins in the supernatant were separated on a 5–25%
(w/v) sucrose gradient by ultra-centrifugation for 16 h at 160,000×g.
Under these conditions wild type complex I sedimented two thirds of
the way through the gradient as indicated by its NADH/ferricyanide
activity. NADH/ferricyanide oxidoreductase activity was present in
the corresponding fractions of the detergent extract from the mutant
membranes indicating that complex I was fully assembled. No activity
could be detected in fractions corresponding to higher molecular
masses revealing that the mutants complex showed no tendency to
aggregate. SDS-PAGE of the preparations from all mutants indicated
the presence of all complex I subunits. Analytical gel ﬁltration has
demonstrated that the preparation results in a stable and monomeric
complex [30–32].
The amount of complex I in the cytoplasmic membranes was
examined using the d-NADH/ferricyanide oxidoreductase activity.
This activity remained virtually unchanged in strain E67D (E. coli
numbering is used throughout this study) compared to wild type
activity. It was reduced by one quarter in strain E67Q and by three
quarters in strain C64A indicating a decreased amount of complex I in
these two strains (Table 1).
The physiological complex I activity in the cytoplasmicmembranes
was determined as d-NADH oxidase activity. This activity was
approximately halved in strain E67D compared to wild type and
completely abolished in strains E67Q and C64A (Table 1). The complex
I variants were isolated in the presence of dodecyl-maltoside and
puriﬁed by chromatographic steps [30,32]. The preparations were
reconstituted in E. coli total lipids and the speciﬁc NADH:decyl-
ubiquinone oxidoreductase activity was determined. This activity
roughly corresponded to the d-NADHoxidase activitymeasured in the
cytoplasmic membrane of the mutants (Table 1). The NADH:decyl-
ubiquinone oxidoreductase activity of the variant E67D was reduced
by 30% compared to that of the wild type complex (Table 1). The
preparations from the mutants E67Q and C64A showed no activity
(Table 1). Mutation of E67 to the corresponding amide resulted in a
complete loss of enzymatic activitywhile the conservativemutation to
aspartic acid retained two thirds of the wild type activity. Therefore,
the presence of an acidic amino acid at this position is of functional
importance for the E. coli complex I irrespective of the length of the
side chain. It should be noted that E67 is neither a ligand of N2 nor part
of the proposed redox-Bohr group associated with N2 [23,30,38].
EPR spectra of the preparations from the E. coli strains described
above at 40 K were virtually identical indicating that the environment
of the binuclear Fe/S clusters N1a and N1b did not change due to the
mutations [30–32]. The spectra of the preparations recorded at 13 K
contain in addition the signals of the tetranuclear Fe/S clusters. From
the intensity of the signal at g=1.91 it is evident that the E67D and
E67Q mutations led to a loss of approximately 60% and 70% of N2,
respectively (Table 1). The variant C64A was included as a negative
Fig. 2. Oxidized minus reduced FT-IR difference spectra of complex I (a), the complex I
variant E67Q (b) and the complex I variant E67D (c).
Fig. 3. Double difference spectra obtained by subtracting the oxidized minus reduced
FTIR difference spectra of complex I at pH 6.6minus its spectra pH 5.5 (a), the difference
spectra of the complex I variant E67Q minus the difference spectra of the complex I
variant E67D (b), and the difference spectra of complex I minus the difference spectra of
the NADH dehydrogenase fragment (c). In each case, a full potential step from−0.5 to
0.2 V was applied.
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is lost in this enzymatically inactive complex (Table 1). The EPR signal
at g=2.048 detectable in the spectrum of this variant [32] stems from
cluster N3 [33] and is present in all E. coli complex spectra but it is for
the most part obscured by the gz=2.05 signal of N2 in the
preparations containing that cluster.
3. Characterization of the NuoB variants by FT-IR difference
spectroscopy
Fig. 1 presents the electrochemically induced FT-IR difference
spectra of complex I and the NADH dehydrogenase fragment. The
spectra include signals that derive from reorganization of the protein
upon the induced redox reaction and coupled protonation events. In
addition, the spectra contain contributions from the ﬂavin cofactor
and bound ubiquinone [27]. The most striking signal is a large
differential feature in the amide I range from 1700 to 1600 cm−1 that
includes the contributions from the ν(C=O) vibration of the
polypeptide backbone. The exact position of this mode depends on
the hydrogen bonding strength and is thus related to the type of
secondary structure [41]. Based on the distribution of these modes
over the amide I range, we suggest there is movement of more than
one structural element, including β-sheets, loops, and α-helices.
The high frequency part of the amide I signal correlates to the
oxidized form and the lower frequency feature with the reduced form.
This type of differential amide I signal in redox-induced FT-IR
difference spectra seems to be typical for Fe/S proteins, as it was
observed not only for complex I, but also for fumarate reductase and
the Rieske protein [35–37]. Most of the signal is assigned to the
electrostatic response of those parts of the protein that surround the
Fe/S clusters upon the change of charge on the cluster. Importantly,
any conformational changes of the protein will be detected in the
same spectral region. We note that the intensity of the signal has no
correlation to the degree of conformational change. A subtle local
change may induce a differential signal that is more intense than the
signal induced for example by a domain movement, where only a
small number of amino acids induce the motion that can be
interpreted as a hinge movement. In order to differentiate the
movements in electrostatic response to a change of the charge of a
cluster from conformational changes that are catalytically relevant
and probably involved in proton translocation, the pH dependency
and the effect of mutations was examined and is discussed together
with previous observations.
Fig. 1 shows the oxidized minus reduced FT-IR difference spectra
of wild type and the NADH dehydrogenase fragment as well as the
spectra of the variant C64A. This variant does not contain the Fe/S
cluster N2. Clear differences can be seen for the full spectral range.
These differences include changes due to the absence of cluster N2.
We note, however, that the strong structural perturbation in the C64A
variant does not allow a straightforward interpretation. In a general
way, it can be deduced that the signals attributed to the Fe/cluster
reorganization are contained in this spectral region.
The FT-IR difference spectra of the complex isolated from the E67Q
mutant showed a decreased amplitude of the amide I signal, deriving
from several shifts of positive and negative absorptions (Fig. 2). The
decrease in amplitude was mostly absent in the conservative
mutation from glutamic to aspartic acid in the E67D mutant enzyme.
The presence of the full amide I signal in this mutant is also in line
with the high NADH:decyl-ubiquinone oxidoreductase activity of the
E67D variant compared to the inactive E67Q variant (Table 1).
The redox induced FT-IR difference spectra obtained at different
pH values include shifts of all signals that are induced by changes in
the protonation state of the individual amino acids in function of their
pKa. Importantly, any change of the local environment and major
conformational changes coupled to the difference in the protonation
state, including for example hydrogen bonding shifts, the reorgani-zation of water molecules, and structural changes, may be revealed by
FT-IR spectroscopy. It is thus possible to monitor the presence of
conformational movements that correlate with the protonation state
and to identify residues participating in proton translocation. The FT-
IR difference spectra obtained at different pH values revealed shifts of
the broad feature in the amide I region. The comparison of the
difference spectra obtained at pH 5.5 with those obtained at pH 6.6
included an additional mode at 1732 cm−1 and concomitant varia-
tions around 1585 and 1408 cm−1 [26]. This is interpreted in terms of
a deprotonation of an additional aspartic or glutamic acid side chain
caused by the redox reaction of the enzyme at pH 5.5.
In order to compare this pH-dependent signal to the different
types of conformational changes double difference spectra were
calculated from the difference spectra of the variants described above:
The double difference spectra calculated from the spectra of the E67D
variant minus the spectra of the E67Q variant (Fig. 3) show the
catalytically relevant conformational changes perturbed in the E67Q
variant, since both variants include the signals from reorganizations
due to the electrostatic response to the different charge of the clusters,
while only the E67Q mutant is inactive. The signals that include the
catalytically relevant conformational changes were detected at 1663,
1647, and 1619 cm−1. Note that the signals were also seen in the
double difference spectra of the wild type complex at different pH-
values and are thus pH dependent. This is in line with the proposal
662 T. Friedrich, P. Hellwig / Biochimica et Biophysica Acta 1797 (2010) 659–663that the redox-induced conformational changes are coupled to the
proton translocation in complex I.
4. Discussion
We used FT-IR spectroscopy to demonstrate the conformational
ﬂexibility of complex I since conformational changes as well as
protonation and deprotonation reactions are detected within the
same experiment. We focused on the Fe/S cluster N2 as the most
likely candidate involved in redox-driven conformational changes
possibly leading to proton-translocation, although it was proposed
based on mutational analyses that N2 is not required for proton
pumping [23]. However, from the data obtained by FT-IR spectroscopy
presented here and from other data [6,7,30] we suggest that N2 most
likely in combination with the quinone chemistry plays an important
role in proton pumping. The detection of conformational changes in
the amide I region coupled with the redox reaction of an Fe/S cluster
is hampered by the fact that the redox reaction of any Fe/S cluster is
associated with a local rearrangement of the protein leading to signals
in the amide I region as reported for the Rieske fragment from the bc1
complex of Paracoccus denitriﬁcans [36] and demonstrated even for
small Fe/S proteins such as rubredoxin or ferrodoxin. Due to this, the
FT-IR spectra of the NADH dehydrogenase fragment of complex I
containing six Fe/S clusters show a prominent absorption in the
amide I region (Fig. 1). The contribution of the Fe/S cluster N2 caused
by the change of the redox-state of the cluster to this spectral region
may be derived from the FT-IR difference spectra of the C64A variant
lacking N2. However, since the mutant is structurally perturbed,
further changes may be contained within the data. Finally, the
contributions of the mechanistically relevant conformational changes
in the absorption in the amide I region were identiﬁed by comparing
the spectra of the enzymatically inactive E67Q variant with the active
E67D variant (Fig. 2), both containing a similar amount of N2 (Table 1)
and by the pH-dependence of the corresponding signals (Fig. 3).
Conformational changes of a protein due to a change of the redox state
of an Fe/S cluster have been directly detected for example in the
nitrogenase [42], the electron transferring ﬂavoprotein from Methy-
lophilus methylotrophus [43], the transcription factor FNR [44], and the
putidaredoxin from Pseudomonas putida [45].
Our data obtained from various complex I mutants with a reduced
content of Fe/S cluster N2 and concomitantly reduced enzymatic
activity [30–32], point to N2 as the coupling factor for electron
transfer and proton translocation in accordance with earlier proposals
[4–7,46]. The loss of N2 or restricted conformational dynamics around
this cluster led to the perturbation of the redox-induced conforma-
tional changes or to the absence of structural reorganization (Figs. 2
and 3). These signals are found to be pH-dependent implying a
working model in which the redox reaction of N2 induces conforma-
tional changes, which may be part of a proton translocation process.
The midpoint potential of N2 in the E67Q mutant exhibits a pH-
dependencewith a slope of−60 mV/pH unit as reported for wild type
complex [30,33,47]. The negative slope of the pH-dependence of the
midpoint potential of N2 demonstrates that the redox-Bohr group
associated with N2 is protonated upon reduction of N2. Thus, E67 is
not the redox-Bohr group associated with N2. A direct coupling of the
oxidation of N2 with the protonation of the acidic amino acid would
lead to an inverted slope, which is not observed. Therefore, the
coupling might take place indirectly, for example involving a
conformational change. This is in line with the ﬁnding that the
conformational changes observed were signiﬁcantly decreased in the
spectra of the variants with a reduced content of N2 and that the
protonation of the individual amino acids was no longer detectable in
the mutants (Fig. 2), [30,31]. The conformational changes induced by
the redox reaction of N2 may alter the environment leading to an
increase of the pK value of E67 and subsequently its protonation as
well as to a decrease the pK value of one of the tyrosine residuesleading to a deprotonation [30–32,39]. The change in local pK values
might induce a directed proton movement that could be linked to a
transmembraneous proton translocation, if E67 on NuoB was located
close to the membrane and connected to a proton gate probably
provided by one of the antiporter-like complex I subunits [48]. In this
model, we have not considered a possible participation of the quinone
in the proton translocation process. However, the presence of two
ubisemiquinone radicals during steady state turnover implies that the
quinone may also play a major role in proton translocation [6].
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